The Lesion Index (LSI) is a proprietary algorithm from Abbott Medical combining contact force, radiofrequency application duration, and radiofrequency current. It can be displayed during ablation with the TactiCath contact force catheter. The LSI Index was designed to provide real-time lesion formation feedback and is hypothesized to estimate the lesion diameter.
R
ecurrence of atrial arrhythmia after radiofrequency ablation is often accompanied by recovery of conduction across linear and pulmonary venous encircling lesions, due either to failure to achieve transmurality or an interruption in lesion continuity. When assessed in vitro, ablation lesion volume and dimensions increase with the degree of tissue-catheter contact, 1,2 radiofrequency power, 3 and the duration of application. 1 These relationships persist when radiofrequency is delivered in vivo. [4] [5] [6] The human left atrium is a thin-walled structure 7 in which radiofrequency must be carefully titrated to achieve transmurality while simultaneously minimizing collateral injury caused by high contact force (CF). 5, 8 Many clinical studies have demonstrated that the use of CF-sensing technology improves the acute 9,10 and medium-term [10] [11] [12] [13] [14] success of pulmonary vein isolation, likely reflecting improved accuracy of radiofrequency energy titration resulting in more successful and reproducible transmural lesion delivery. Consideration of CF, temperature, and power facilitates the creation of transmural lesions; however, such indices do not provide information on lesion continuity, which is influenced by catheter movement between lesions, dimensions of adjacent lesions, and the tissue depth at which continuity is assessed. Lesion continuity requires uninterrupted ablated tissue extending between adjacent lesions and from endocardial to epicardial surface. Kautzner et al 15 demonstrated an important role for consecutive adjacent lesion deployment, defined as the Continuity Index, in optimizing integrity of pulmonary vein encircling lesions. El Haddad et al 16 combined individual ablation parameters and interlesion distance after pulmonary vein isolation to define an aggregate score (the Ablation Lesion Continuity Index), which was demonstrated to be the strongest predictor of electrical reconnection. These studies demonstrate the importance of interlesion catheter movement in addition to ablation lesion parameters in creating durable regional electrical isolation. An objective measure of the distance to be moved between successive radiofrequency applications may be of value to ensure lesion continuity.
WHAT IS KNOWN?
• Size and transmurality of radiofrequency lesions delivered in the atrium depend on catheter contact force, radiofrequency power, and duration of application of energy.
• Accurate delivery of lesions through the use of contact force-sensing technology is associated with improved durability of pulmonary vein isolation and clinical outcomes.
• Interlesion separation is an important determinant of continuity of adjacent radiofrequency lesions.
WHAT THE STUDY ADDS?
• The Lesion Index provides an objective, real-time indication of lesion dimensions based on contact force and radiofrequency current aggregated over time, that indicates the degree of catheter movement permitted to maintain an uninterrupted line of transmural atrial ablation in a porcine recovery model. • A target catheter movement of 5 mm after delivery of an atrial radiofrequency lesion with an achieved Lesion Index=5 would be expected to maintain an uninterrupted line of transmural atrial ablation.
• No gaps in linear atrial ablation should be expected when the lesion separation is <1.5 mm above the mean Lesion Index of adjacent lesions.
The Lesion Index (LSI) is a proprietary index calculated and displayed in real time that aggregates CF and radiofrequency current data across time (Equation 1) 17 and is calculated as follows: where LSI is the Lesion Index (Arbitrary Units); b 0-5 are scaling constants; F is a 6-s sliding window average of CF; I is a 6-s sliding window average of radiofrequency current; and T is time.
LSI
The LSI aims to combine determinants of lesion dimensions to provide real-time lesion feedback and can be displayed in real time when the TactiCath ablation catheter is used with the EnSite Precision electroanatomic mapping system. In this study, an assessment was undertaken of the performance of this index in guiding titration of radiofrequency lesions and catheter tip movements to result in uninterrupted, transmural ablation in the right atrium of the Göttingen mini pig. In addition, an assessment of the in vivo tissue thickness of this structure was made to facilitate comparison with human atrial ablation parameters.
METHODS
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. Preliminary work was performed in isolated tissue preparations using bovine right ventricular free wall to assess potential ablation parameter targets. Tissue preparations were placed in a saline tank (6.5-7.0 mS/cm conductivity, 37°C), and side-by-side lesions were created with a range of radiofrequency power (20 or 25 W), CF (10, 20 , and 30 g), and LSI target values (4, 5 or 6 U). Lesions were separated according to a prescribed distance above the achieved LSI of the first delivered lesion (equal to 0, 2, 4, or 6 mm). After lesion creation, the tissue samples were stained with 2,3,5 triphenyltetrazolium chloride (SigmaAldrich Chimie, S.A.R.L, Lyon, France) on the endocardium, photographed, sectioned lengthwise along the long axis of the lesions so as to expose the maximum diameter and depth, and then the cross sections were stained with 2,3,5 triphenyltetrazolium chloride and photographed again. Further details are given in the Data Supplement.
The study protocol is summarized in Figure 1 . Seven Göttingen mini pigs were used in this study, which received Institutional and National Ethical approval. Pigs were fasted for 24 hours before intervention with free access to water. Premedication was by intramuscular injection of ketamine (20 mg/kg) and azaperone (2 mg/kg; Stresnil, Janssen-Cilag, Belgium) administered 10 minutes before surgery. Anesthesia was induced with intravenous propofol (3 mg/kg) and tracheal intubation facilitated with rocuronium (0.8 mg/kg). Anesthesia was maintained with 2% isoflurane.
Cardiac Computed Tomography
Each pig underwent ECG-gated, contrast-enhanced cardiac computed tomography (CCT; retrospective acquisition) using a Siemens Somatom Definition AS+ (Siemens, Forchheim, Germany) dual-source CT scanner. CCT images were analyzed as previously described [18] [19] [20] to generate 3-dimensional right atrial wall thickness maps.
Preablation Electroanatomic Maps
Femoral venous access was established and a decapolar catheter (Livewire; Abbott, St. Paul, MN) placed in the coronary sinus. A TactiCath CF-sensing ablation catheter was advanced into the right atrium. The EnSite Precision electroanatomic mapping system (EAMS; Abbott, St. Paul, MN) was used to create a right atrial activation map during coronary sinus pacing at a cycle length of 500 ms and using a coronary sinus reference. Unipolar and bipolar electrograms were appropriately filtered. Standardized settings were applied to the Automap function within the EAMS (score=70; cycle length tolerance ±5 ms (disabled if map created in sinus rhythm); speed limit=10 mm/s; distance 1 mm; signal to noise ratio: 10; CF 0-15 g; enhanced noise rejection: off) to determine whether an electrogram would be included within the activation map. Individual activation times were automatically assigned within the EAMS at the point of the highest rate of negative deflection of the bipolar electrogram (−dV/dt max ).
LSI-Guided Ablation
Ablation lines were created in the right atrium with point lesions delivered using the TactiCath irrigated ablation catheter, with a flow rate of 17 mL/min saline and power controlled radiofrequency ablation (25 W). Two experienced operators performed all ablations (M.W., M.O.N.). Catheter stability was assessed before energy delivery with a target CF of 10 to 20 g. During energy delivery, LSI was monitored in real time and an LSI=5 was targeted. After energy delivery, the achieved LSI was recorded. After lesion creation, the catheter tip was moved a prescribed distance, which was identified and displayed on the atrial geometry using the surface tape measure function within the EAMS. The catheter was moved a distance according to 1 of 3 strategies, dependent on the LSI achieved in the preceding lesion. The strategies were as follows: group 1: target catheter movement in mm=LSI (of preceding lesion); group 2: target catheter movement in mm=LSI+2 mm; and group 3: target catheter movement in mm=LSI+4 mm. In cases where the LSI achieved was not an integer, the LSI was rounded down to the nearest integer and this was used to calculate the prescribed catheter movement.
After delivery of LSI-guided ablation, animals were recovered and treated with prophylactic oral cephalexin (600 mg twice daily) for 5 days. Animals were euthanized 14 days after delivery of ablation lesions with intravenous potassium chloride.
Ablation Lesion Analysis
Individual ablation lesion parameters were compared between the experimental groups. Subsequent analysis was performed on lines because of inability to consistently resolve individual lesions reliably on histological samples. True catheter movement was calculated as the absolute distance between mean catheter position during energy delivery of adjacent ablation lesions recorded within the EAMS. ΔLSI was defined as the difference between adjacent lesion separation and mean LSI of the 2 lesions and calculated offline retrospectively (Figure 2 ). According to the hypothesis that LSI-separated ablation lesions result in a continuous transmural line of ablation, ΔLSI values above zero represent areas in which the LSI algorithm would predict potential gaps. Lines were initially analyzed according to experimental group (reflecting target catheter movement) within lines. Lines were then reanalyzed individually to calculate interlesion distance within lines and ΔLSI. A comparison was made between lines with and without gaps in continuous transmural ablation, as identified on histological analysis.
Histology Processing and Analysis
Before euthanasia, 15 g 2,3,5 triphenyltetrazolium chloride dissolved in 50 mL 0.9% saline was administered as an intravenous injection. Pigs were euthanized, and the heart and lungs removed surgically. After removal of the heart and lungs from the thorax, the aorta was cannulated with silicone tubing, secured with surgical suture, and the heart was suspended. The aorta was perfused in a retrograde fashion with a further 5 g 2,3,5 triphenyltetrazolium chloride buffered in Trizma hydrochloride (Sigma-Aldrich Chimie, S.A.R.L, Lyon, France). The heart and lungs were fixed in 10% buffered formaldehyde for 8 weeks. Gross fixed pathological specimens were reviewed and photographed, and using the EAMS maps for reference, the individual lines of ablation were identified. Where possible, each line was maintained intact and digitally photographed before loading into tissue cassettes. Further tissue processing was performed with a Tissue-Tek 6 Vacuum Infiltration Processor 6 (Sakura Finetek USA, Inc, Torrance, CA). Tissue was dehydrated using a series of ethanol solutions. Tissue was then bathed twice in dimethylbenzene (xylene) followed by 3 changes of paraffin wax. Each step took ≈2 hours and was done using pressure and vacuum. Tissue was sectioned through the entire block at 1000 μm intervals using a Leica RM2065 automated microtome (Leica Biosystems, Buffalo Grove, IL). At each level, a Masson trichrome and a hematoxylin and eosin slide were generated and imaged using the Aperio CS2 (Leica Biosystems) whole slide scanner. Each slide was reviewed within the Imagescope (Leica Biosystems) histology software by a board-certified anatomic and clinical pathologist (E.D.), blinded to the treatment strategy, and the nonviable tissue was manually segmented. Nonviable tissue was defined as tissue with evidence of coagulative myocyte necrosis and myocardial fibrosis on Masson trichrome stain which is indicative of chronic postablation lesion. 21, 22 The areas of ablation were traced and measured. Subsequently, adjacent slides were automatically aligned with each other by optimizing a least squares quality function within Amira 6.2 (Thermo Fisher Scientific, Waltham, MA). Successive images were then reviewed to identify gaps in continuous, transmural ablation lines. 
Statistical Analysis
All statistical calculations were performed in SPSS Statistics version 23 (IBM Corporation, New York, NY). A ShapiroWilk test of normality was applied to continuous variables. Normally distributed variables are expressed as mean±SD and were compared using 1-way ANOVA or 2-tailed, independent samples Student t test. Multiple proportions were compared using Tukey-Kramer single-stage multiple comparison procedure. Non-normally distributed variables were compared using the nonparametric Kruskal-Wallis H test or Mann-Whitney U test. Pairwise comparisons were performed using procedure by Dunn (1964) with a Bonferroni correction for multiple comparisons, in which case adjusted P values are presented. A result was considered statistically significant at the 5% significance level (P<0.05).
RESULTS

Preliminary Bench Data
During bench testing on bovine right ventricular free wall, 137 lesion pairs were created (details are given in the Data Supplement). Fourteen pairs were rejected because the achieved LSI value of one of the lesions did not equal the target LSI value, and 13 other pairs were rejected because of other operator errors. With radiofrequency power limited at 25 W, all lesions created with a CF of 10, 20, and 30 g reached a target LSI of 5 in <60 s (Data Supplement). As catheter movement above LSI increased, the incidence of gaps between adjacent lesions increased ( Figure 3) . These results informed selection of the ablation parameter targets and the target lesion separation chosen for the experimental groups for the in vivo study.
In Vivo Study
Seven pigs underwent CT scan, LSI-guided ablation (Figure 4) , and 2-week recovery.
CCT Scan
CCT scans were segmented to create right atrial wall thickness maps. There was inhomogeneous contrast mixing in the right atrium in all scans, which necessitated additional manual segmentation of the right atrial blood pool after an initial automatic thresholding step. The degree of manual adjustment was greater than that which is generally required for left atrial wall blood pool segmentation using this technique. CCT did not adequately resolve the boundary between the epicardial surface of the right atrial appendage and the anterior portion of the right atrium ( Figure 4C through 4E), which resulted in some spuriously high measurements of wall thickness in this region. Outside of these regions, tissue thickness maps demonstrate similar thickness to human left atrial tissue and showed corresponding thickness profiles to the gross tissue specimens and histological samples ( Figure 5 ). To assess the accuracy of A, Incidence of gaps between lesion pairs created according to identical ablation parameters with distance between lesions equal to a specified value above the achieved Lesion Index (LSI) according to 4 separate strategies (distance in mm=LSI, LSI+2 mm, LSI+4 mm, and LSI+6 mm). Statistical significance indicated by * and corresponds to multiplicity adjusted P<0.05. B, Cross section of bovine RV free wall stained with 2,3,5 triphenyltetrazolium chloride (TTC) after delivery of 2 ablation lesions. There is (red) TTC-stained tissue that clearly separates the 2 lesions (which are not stained by the TTC) indicating an interruption in the continuity of ablation. In this example, lesions reached an LSI target value of 4 and were separated by a distance=LSI+4 mm. C, Further example of TTC-stained bovine RV free wall after delivery of 2 ablation lesions. In this example, adjacent lesions are not separated by TTC-stained tissue and are therefore classified as continuous. In this example, lesions reached an LSI target value of 5 and were separated by a distance=LSI mm.
CCT-derived tissue thickness measurements, a series of tissue thickness measurements were made by 2 observers blinded to the CCT data, on 3 central, adjacent slides from tissue in the posterior section of the right atrium, specifically including the thinnest and thickest tissues. These measurements were compared with the corresponding CCT-derived results (details are given in the Data Supplement). Spearman rank-order correlation demonstrated a statistically significant relationship between the 2 measures (ρ [21] =0.748; P<0.0001) confirming that in areas unaffected by imaging artifact, the CCT-derived tissue thickness measurements are predictive of histological tissue thickness.
Ablation Lesions
In the 7 pigs, 149 discrete lesions were delivered and formed a total of 18 lines (n=2-3 per animal). Ablation parameters of each ablation lesion, including duration of ablation, mean CF, mean power, impedance drop, mean temperature, achieved Force-Time integral (FTI), and achieved LSI of individual lesions, were compared between the experimental groups. A Kruskal-Wallis H test was run to determine if there were differences in ablation parameters between group 1 (n =81), group 2 (n=38), and group 3 (n=30). Median parameters are reported in Table 1 . The achieved LSI Index was marginally lower than that which was targeted (median achieved LSI=4.9 in each group; P=not significant [NS]). Median duration of delivered lesions was between 31.5 and 40 s, achieved CF was consistent with the target CF and similar in each group (group 1=13.0 g, group 2=14.0 g, and group 3=15.5 g P=NS). There were no statistically significant differences in ablation parameters between the experimental groups. As expected, mean distance between location of delivered lesions (Lesion separation) and ΔLSI were significantly greater in experimental group 2 (mean lesion separation=6.32 mm; ΔLSI=1.45 mm) and group 3 (mean lesion separation=7.42 mm; ΔLSI=2.70 mm) than group 1 (mean lesion separation=4.24 mm; ΔLSI=−0.12 mm; P<0.001). Lesion spacing referenced to achieved LSI was lower than the prespecified target movement (group 1 target ΔLSI=0, observed ΔLSI=−0.12 mm; group 2 target ΔLSI=2, observed ΔLSI=1.45 mm; and group 3 target ΔLSI=4 mm, observed ΔLSI=2.70 mm). It is noted that there was a high frequency of noninteger achieved LSI values. This resulted in a reduction in the ΔLSI value between lesions, reflecting the decision to round the achieved LSI down to the nearest integer to generate target catheter movement.
Histological Analysis
On Masson trichrome-stained slides, areas of coagulative necrosis of myocytes (purple color, loss of crossstriation and nuclei in contrast to viable myocytes with a bright red color and preserved nuclei and cross-striation) and myocardial fibrosis (pale blue color of connective tissue) consistent with a healed part of nonviable ablated atrial myocardial tissue were identified and segmented ( Figure 6 ). In group 1, LSI-guided lines had a lower incidence of histological gaps (4 gaps in 69 catheter moves, 5.8%) than in group 3 (15 gaps in 23 catheter moves, 65.2%, P<0.05 versus group 1) and a trend toward a lower incidence of gaps than in group 2 that did not reach statistical significance (7 gaps in 33 catheter moves, 21.2%, P=NS versus group 1; Figure 7 ). Comparison was made between the ablation lesions in groups with and without histological gaps (Figure 8 ). Lesions forming lines in which histological gaps were identified had a higher mean FTI (mean FTI=482 gs) than those forming lines without gaps (mean FTI=384 gs; P=0.001). There was no other difference between the median parameters of individual lesions forming the lines between the 2 groups. Median lesion separation (4.47 versus 5.74 mm; P=0.017) and ΔLSI (0.0 versus 1.08 mm; P=0.002) were greater in the lines in which gaps were identified histologically ( Table 2 ). The maximum ΔLSI found within a line was considered the most likely site of a gap in continuous transmural ablation and so was compared between groups. In lines with no gaps, the mean maximum observed ΔLSI per line was 1.50, which was significantly lower than in those lines with ≥1 gaps in which the mean maximum observed ΔLSI per line was 4.91 (P=0.008). One hundred seventeen lesions formed a total of 13 lines in which at least 1 gap was identified. Each of these lines had at least 1 recorded ΔLSI which was >1.5 with no other differences between the ablation parameters.
Four gaps in continuous transmural lesions were identified in tissue from experimental group 1. In each of those lines in which a gap was identified, an incidence of catheter movement between 2 lesions within the line was found to correspond to a ΔLSI >1.5. Although specific radiofrequency applications could not be correlated to specific portions of the linear lesions, an estimation of the location of the gap relative to the delivered lesions within the line was made, and in experimental group 1, this corresponded to the position of the highest ΔLSI values. In lines where the maximum ΔLSI was ≤1.5 (n=3), there were no gaps in transmural ablation.
DISCUSSION
To our knowledge, this is the first study to assess catheter movement titrated according to preceding lesion characteristics and compare with the incidence of histological gaps. This study demonstrates that when CF is maintained between 10 and 20 g and lesions are created to a target LSI of 5:
1. the distance between delivered point lesions is the major factor determining continuity of transmural atrial ablation; 2. the use of the LSI Index algorithm to guide catheter movement after delivery of radiofrequency ablation lesions results in a low incidence of histological gaps in ablation; and 3. lesions separated by a distance equivalent to or less than 1.5 mm above the mean LSI of the 2 lesions results in uninterrupted transmural atrial ablation. When radiofrequency energy is delivered in vitro, ablation lesion volume and dimensions increase with tissue contact. 1 When assessed in vivo, the optimal CF for achieving transmurality has been reported between 10 and 30 g. 4, 5 Higher CF has been associated with a trend toward lower lesion volume, depth, and transmurality 4 which may reflect accumulation of edema with higher CF 23 , whereas CF >40 g was associated with steam pops and char formation. 5 The use of real-time CF monitoring to guide atrial ablation has been the subject of clinical trials. The TOC-CATA study (Touch+ for Catheter Ablation) demonstrated a higher rate of AF recurrence that was predicted by low mean CF during radiofrequency ablation when using the TactiCath CF-sensing catheter. 24 In this study, mean CF <10 g during ablation was a strong predictor of clinical recurrence of arrhythmia, and it identified a locationdependent variation in achieved CF. In the SMART-AF trial, when predefined operator specified targets for CF were achieved for a high proportion of ablation lesions using the Thermocool SmartTouch catheter, clinical outcomes were >4× better. 12 The EFFICAS I study localized gaps in ablation lesions to the site of low achieved CF and FTI. The identification of gaps at these locations suggests recurrence was at least in part because of inadequate lesion formation at the initial procedure. These and other clinical trials demonstrating an improvement in acute procedural success 9 and medium-term clinical outcomes 11, 13, 14 when CF-sensing technology is used during AF ablation procedures have resulted in the widespread adoption of CF-sensing technology during radiofrequency ablation to facilitate effective lesion delivery.
The EFFICAS II 15 trial assessed the impact of providing operators with target parameters for CF and FTI and demonstrated an improvement in durability of pulmonary vein isolation when these targets were used. However, despite an improvement in durable pulmonary vein isolation at 3 months, an incidence of electrical gaps in ablation lines still occurred in 15% of cases with no clear difference in ablation lesion parameters to which this could be attributed. The authors considered catheter movement between lesions, in this case quantified according to the delivery of adjacent lesions. Mean and maximum ΔLSI (with SE indicated by whiskers) compared between lines which contained gaps in transmural ablation (red) and those which did not contain gaps (blue). The mean ΔLSI in the lines without gaps was zero and the maximum ΔLSI 1.5. Statistical significance indicated by *P<0.05. LSI indicates Lesion Index.
Significant differences in catheter movement were identified between regions with and without gaps. In a separate study, a retrospective analysis of CF-guided ablation identified the interlesion separation as a significant predictor of recovery of conduction after ablation. In this report, the authors defined the Ablation Lesion Continuity Index as a metric to capture the ablation lesion characteristics and interlesion separation and found this to be the strongest predictor of the recovery of conduction at sites of ablation.
Successful AF ablation depends on creating transmural lesions without gaps between them. Although CF, FTI, and radiofrequency energy are important parameters that reflect effective lesion delivery, catheter movement between lesions is another critical factor on which continuity of ablation will depend and is not reflected in any assessment of individual lesion characteristics. In this study, when known determinants of lesion dimensions were compared between experimental groups or between lines with and without gaps, they were found to be similar (with the exception of a higher achieved FTI in the group demonstrating histological gaps). Where ablation lesion parameters were consistent, the important determinants of the presence or absence of gaps were catheter movement and, more significantly, ΔLSI between lesions forming a line, reinforcing the importance of interlesion separation in creating a continuous, transmural line of ablation. Using the LSI to estimate the quality and dimensions of the delivered lesion resulted in an effective and easily implemented strategy to guide catheter movement between lesions.
In this study, ablation parameters were chosen to reflect those in routine clinical use. 25 The analysis of the presence of gaps according to ΔLSI between lesions demonstrates that when a target LSI of 5 is achieved in 2 adjacent lesions, the lesions may be separated by up to 6.5 mm without introducing gaps in transmural ablation. In vivo data collected using the same catheter demonstrated a mean surface lesion dimension of 7.2 mm, when ablation was delivered at 30 W, with moderate CF (median, 21 g) for 60 s in right ventricular tissue. Therefore, in the previous study, ablation lesions separated by ≤7.2 mm would be expected to result in uninterrupted ablation. Although individual lesion assessment was not possible in the current study, the results are consistent with those of Ikeda et al 6 and it is noted that in the current study the ablation lesions were delivered at lower power and for shorter duration. By taking into account the CF and the radiofrequency current delivered to the tissue, the LSI indicates when the catheter tip can be moved, without interrupting the integrity of an ablation line, and therefore facilitating the shortest required ablation time to create an adequate lesion.
To investigate the impact of the higher FTI in the group with gaps, we estimated lesion size based on previously published data on the relationship between achieved FTI and lesion dimensions. Our data were consistent with the previously published relationship between lesion dimensions and observed FTI, 26 and the higher predicted dimensions of lesions in lines with gaps were offset by the greater catheter movement in this group. When FTI was referenced to interlesion separation to calculate ΔFTI, using the equivalent calculation to that used for ΔLSI, the LSI algorithm had greater predictive power for the presence of gaps than FTI alone (Data Supplement). This observation is consistent with the stronger correlation between LSI and lesion dimensions than FTI and lesions dimensions in vitro. 27 In clinical ablation procedures, catheter stability is not equivalent in all atrial locations 9 and regions are commonly encountered where adequate stability cannot be achieved. Furthermore, targeting catheter movement with submillimeter accuracy is neither realistic nor necessary. On the basis of these observations, we adopted a conservative definition of catheter movement targets (rounding the achieved LSI down to the nearest integer to define target catheter movement) and chose integer values for target catheter movement in millimeter as a realistic level of accuracy to target. These results demonstrate that targeting catheter movement according to the estimated dimension of the previous lesion results in a low incidence of histological gaps. However, the com- Apart from mean lesion separation and ΔLSI, the only significant difference is the presence of a higher Force-Time integral in the lesions used to create lines with gaps when compared with those without gaps. LSI indicates Lesion Index.
plexity of atrial geometry prevents delivery of lesions in the exact location that is targeted in some circumstances. In regions where a stable catheter location is not found with adequate proximity to the preceding lesion based on the achieved LSI, the algorithm may be useful to prompt a change in the route of the planned ablation line.
A gap in ablated tissue depends on the lesion delivered before and after catheter movement; however, the real-time LSI algorithm calculates predicted catheter movement on the basis of the first lesion of a pair only, under the assumption that the subsequent lesion will be of the same dimensions. In this study, true catheter movement varied from the target catheter movement for a variety of reasons including stability at the target location and the natural limits of accuracy with which catheter position can be chosen. These observations may account for the incidence, albeit low, of histological gaps in experimental group 1. This is supported by the retrospective analysis undertaken in which the lesions on either side of a gap were considered. In this analysis, the metric of ΔLSI was defined, which was designed to reflect the ablation parameters (assessed by the achieved LSI) of both lesions on either side of a potential gap as well as the absolute distance between the catheter position during creation of each lesion. The ΔLSI between 2 lesions was greater in those lines with gaps when compared with those lines without gaps, and no gaps in transmural ablation were seen if ΔLSI was ≤1.5 mm. When used retrospectively, ΔLSI was a strong predictor of the presence of gaps between 2 lesions with a given LSI. Real-time display of ΔLSI may be useful to identify locations above a ΔLSI threshold and, therefore, where gaps may be expected, allowing the operator to consider applying additional radiofrequency at or near these locations. Clinical trials assessing the use of real-time display of ΔLSI during clinical ablation procedures are warranted, to establish the clinical benefit of using this metric in real time. It is noted that there are likely to be additional factors affecting the geometry of repeat ablation lesions, including tissue edema and hemorrhage, which have not been assessed in this study. Therefore, further in vivo studies may also be helpful to assess whether further ablation in the region of high ΔLSI values results in a reduction in the presence of gaps and establish the efficacy of such a strategy before recommending its use.
CCT can identify tissue thickness in the human left atrium effectively, and the CCT data from this study report a similar range of right atrial in vivo tissue thickness in the Göttingen mini pig. 7 This is further supported by direct examination of the histological tissue samples, although the impact of formalin fixation and changes in the forces to which the tissue is subjected outside the thorax necessitate caution in extrapolating measurements from histological samples to in vivo tissue dimensions.
Limitations
Although care was taken to design this study to generate translatable results, the ablation was performed in the right atrium of mini pigs and this represents an important limitation in the translatability of the results to the human left atrium. This study did not consider the use of LSI in ventricular tissue, where it would be expected to behave differently. Histological analysis was performed at 2 weeks after delivery of ablation lesions. This recovery period is shorter than the period in which ablation lesions reach maturity. Despite the shorter recovery, care was taken to identify pathologically nonviable tissue incapable of recovery 21, 22 and so we do not think a longer recovery would have affected the results significantly. The atrial tissue was sectioned at a relatively low resolution of 1 mm. In addition, the true course of lines was not absolutely parallel to the direction of sectioning because of variation in the geometry of the lines. These considerations prompted us to adopt a conservative definition of continuity to minimize the chance of a line being identified as continuous when in fact it contained gaps. The chosen definition leaves open the possibility that areas in which a nonparallel extension of ablated tissue between lesions was not sampled, resulting in the incorrect classification of a line as containing a gap when in fact ablation was continuous. CCT image quality was reduced by inhomogeneous contrast mixing in the right atrium. This necessitated greater manual intervention in the atrial blood pool segmentation than is usually required when this strategy is used to calculate wall thickness in the left atrium. Subsequent atrial wall thickness segmentations were automatically generated, but the impact of the greater manual correction of the blood pool on the calculated wall thickness measurements is unknown.
Conclusions
In this porcine recovery model, an uninterrupted line of ablation is facilitated by the LSI to guide catheter movement after delivery of a lesion with an achieved LSI Index value in the range 4 to 5. When delivered lesions have LSI values between 4 and 5, the ΔLSI metric may be used retrospectively to predict the presence of gaps. Used in this way, ΔLSI values of ≤1.5 mm were associated with no gaps in transmural atrial ablation. 
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